Introduction
In the 1930's W.A. Shewhart pioneered the application of statistical principles to the quality control (QC) of production processes, eventually publishing the landmark book "Economic Control of Quality of Manufactured Products" (Shewhart, 1931) . In this book, he states that a phenomenon is under control if its future variation can be predicted (within limits) based on previous experience. This is precisely the idea behind the control charts used in measurement processes-specifically, for chemical analysis. The International Organization for Standardization (ISO), in its standard ISO 9000 (ISO, 2005a ), defines quality control as "the part of quality management focused on fulfilling quality requirements". According to the standard, quality management also includes quality planning, quality assurance and quality improvement. The above definition is rather vague, because quality management systems based on the ISO 9000 family of standards can be applied to any kind of organization regardless of its field of activity, its size or whether it is from the public or private sectors. Testing laboratories typically distinguish between internal and external QC. In this context, the International Union of Pure and Applied Chemistry (IUPAC, 1998) gives a definition of internal QC that is well-suited to an analytical laboratory: "the set of procedures undertaken by laboratory staff for the continuous monitoring of operation and the results of measurements in order to decide whether results are reliable enough to be released". Although the aforementioned document does not formally define external QC, it does mention that external control may be done by submitting blind samples to the measuring laboratory. This activity can be organized in the form of a collaborative test. The aim of these QC activities is to verify that the quality parameters of an analytical method ascertained in the method validation are maintained during its operational lifetime. Thus, method validation or revalidation tasks are periodic activities that end with a validation report, whereas QC activities are recurrent activities implemented in routine work. Apart from the use of fully validated methods, QC assumes the use of properly maintained, verified and calibrated equipment, reagents and consumables with the proper specifications; standards with well-established traceability; and qualified technicians working in suitable environmental conditions. However, fulfilling all these requirements is not enough to ensure the delivery of appropriate quality results over time: a laboratory's capacity to produce technically correct results must be continuously monitored. Indeed, according to Thompson et al. (Thompson & Lowthian, 1993) , QC is the only quality management measure that provides a high level of protection against the release of inaccurate data. The authors demonstrate a significant relationship between the efficacy of a laboratory's QC and its subsequent performance in proficiency tests. They also consider that the implementation of QC activities and the participation in proficiency tests are two sides of the same coin: a laboratory's commitment to quality. Once a laboratory has implemented a method in its routine work, is performing adequate QC, has taken any appropriate corrective and/or preventive actions, and its staff has acquired sufficient expertise, it may consider including this method in its scope of accreditation. Figure 1 shows these activities in the context of the operational lifetime of an analytical method. This chapter was written to explain, in practical terms, the QC activities and management at an analytical laboratory-namely, the Chemical Analysis Service at the Laboratory of the Public Health Agency of Barcelona (Laboratori de l'Agència de Salut Pública de Barcelona; hereafter, LPHAB).
History and present context of the LPHAB
The LPHAB has its origin in the Municipal Laboratory of Barcelona, a microbiology laboratory created in 1886 to provide support to the sanitary authorities in their efforts to prevent rabies; since its inception, the Municipal Laboratory of Barcelona was a reference laboratory in Spain. In 1907, owing to its ever-increasing activities, it was given a new structure that led to creation of a section dedicated to chemical analysis of foods, with the then innovative objective of studying health problems attributable to the presence of hazardous chemicals in foods. From the 1950's onwards, the section on chemical analysis of foods underwent major development. This stemmed from advances in knowledge on food chemistry and was catalyzed by various international food crises caused by chemical pollutants such as mercury and methanol. A case of widespread food poisoning in Spain in 1981, traced to denatured rapeseed oil, triggered the modernization of many Spanish public health laboratories, including the Municipal Laboratory of Barcelona. The Laboratory's equipment was soon updated, and its organization and management were overhauled. These changes enabled the Municipal Laboratory of Barcelona to face new analytical challenges. In addition to assessing the nutritional properties of food, it also focused on detection and determination of additives, residues and contaminants in food. The Municipal Laboratory of Barcelona began serving customers outside of the municipal administration; the challenge of providing these customers with the data they sought at specific analysis costs and response times proved highly stimulating. By the year 2000, it had analyzed 20,000 samples. The LPHAB features a broad array of state-of-the-art equipment: roughly 500 instruments, including those for sample treatment, chromatography and spectroscopy. These include various gas and liquid chromatographs coupled to tandem mass spectrometry plus two inductively coupled plasma spectrometers, one equipped with photometric detection, and the other, with mass spectrometry detection. The LPHAB also uses a laboratory information management system (LIMS). To date, the CAS has implemented about 110 analytical methodologies included in the scope of accreditation according to the requirements of the ISO 17025 standard (ISO, 2005b "QC data shall be analyzed and, where they are found to be outside pre-defined criteria, planned action shall be taken to correct the problem and to prevent incorrect results from being reported."
Legislative requirements
Food safety and environmental protection are top priorities in the EU, which has implemented widespread legislation to support its policies in these fields. Since its publication, Decision 2002/657/EC has been a key document for analytical laboratories involved in food analysis and has proven utile for laboratories in other fields, such as environmental analysis. It introduced a change of mindset, replacing reference methods with the criteria approach, and launched new definitions, such as minimum required performance limit (MRPL), decision limit (CC ) and detection capability (CC ) . Decision 2002/657/EC determines common criteria for the interpretation of test results, establishes the performance criteria requirements for screening and confirmatory methods, and presents the directives to validate the analytical methods. However, it is a complex document, and guidelines for its implementation have been published (SANCO/2004 /2726 -rev-4-December-2008 . The most relevant aspects of Decision 2002/657/EC are further described below. Minimum required performance limit is defined as the minimum content of an analyte in a sample that has to be detected and confirmed. It is intended to harmonize the analytical performance of methods for banned substances. The minimum required performance level for a method of a banned substance should be lower than the MRPL; however, very few MRPL values have been established to date. The decision limit is the limit at and above which one can conclude, with an error probability of , that a sample is non-compliant. For substances with no permitted limit is 1%, whereas for all other substances is 5%. Thus, the result of an analysis shall be considered non-compliant if the CC of the confirmatory method for the analyte is exceeded.
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The detection capability is the smallest content of the substance that may be detected, identified and/or quantified in a sample with an error probability of ( is 5%). Procedures to determine the CC and CC are given in Decision 2002/657/EC and its corresponding guidelines document (SANCO/2004 /2726 -rev-4-December-2008 . Decision 2002/657/EC also introduces the concept of identification point (IP) . A minimum of three IPs is required to confirm the identity of a compound that has a permitted limit, whereas at least four IPs are required for a banned compound. The number of IPs provided by the analytical method depends on the technique used. For instance, with low-resolution MS each ion earns 1 point, and with low-resolution MS n each precursor ion earns 1 point, and each transition product, 1.5 points. More details on IPs for the different techniques can be found in Decision 2002/657/EC. This IP system has made MS an essential technique for laboratories that analyze residues and contaminants in foodstuffs. In addition to the performance criteria requirements for screening and confirmatory methods, Decision 2002/657/EC also provides guidelines for the validation of analytical methods. Validation should demonstrate that the method complies with its performance criteria. Therefore, depending on the method category (e.g. qualitative or quantitative; screening or confirmatory), different performance characteristics must be determined. Table 3 . Major QC documents from the LPHAB's QMS (CAS: Chemical Analysis Service).
One of the chapters in LPHAB's Quality Manual defines the basis of QC in accordance with the requirements of the ISO/IEC 17025 standard (ISO, 2005b) . General procedures, which are applicable either to the whole laboratory, or to the Microbiology Analysis Service or the CAS, outline the LPHAB's general QC activities. Standard operating procedures provide detailed specifications on the CAS's QC activities (both internal and external QC). Internal QC activities are either performed within each analytical run or are scheduled. The withinrun activities are done in accordance with the specific SOP for regular samples received by the LPHAB; these encompass analysis of reagent blanks, blank samples, spiked samples and verification of instrument sensitivity. They are employed to prevent releasing of any erroneous results to customers. Scheduled activities are used to check the efficacy of withinrun controls. External QC (EQC) relies on the regular and frequent participation of the LPHAB in proficiency tests organized by competent bodies (whenever possible, accredited as Proficiency Test Providers). All these activities are agreed upon by the head of the CAS, the director of the QAU and the senior technicians and are reflected in the Annual QC Plan. Table 4 shows a sample page from the CAS's Annual QC Plan. All of the QC activities are described in the SOP entitled "Application of General Quality Criteria to the Chemical Analysis Service", as are the procedures for handling of all scheduled internal and external QC samples (in terms of ordering, analysis and evaluation). These activities are summarized in Table 8 .
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Management of external QC
External QC is managed through proficiency tests. Participation in each test is scheduled according to proposals by the technician responsible for each analytical procedure. Each procedure is to be tested in at least one exercise per year, if possible. In parallel, certain samples are requested in duplicate for use in scheduled internal QC. The LPHAB tends to be extremely active in this area, since it considers external QC among the strongest point of its QC system. In the CAS, in 2010, 458 samples were analyzed in proficiency tests that encompassed 1,915 assays, 420 different analytes and 89 analytical procedures (SOPs). Given that the market lacks universal exercises for all types of matrices and assays, the CAS aims to assess all families of analytes and all instruments. Usually, matrices included in the accreditation scope are used. Importantly, for assays included in the flexible-scope accreditation, different matrices that represent the entire assay category should be employed whenever possible. To evaluate some of the procedures for which no exercises are currently available, the CAS, together with other laboratories, has organized specific activities. It is extremely important that any organization that aims to organize these types of evaluations be accredited according to ISO/IEC 17043 (ISO, 2010) . For non-accredited entities, the quality of their exercises will be assessed.
In accordance with the aforementioned principles, CAS actively participates in the programs FAPAS® (for food) and LEAP (for water), both of which are accredited by the United Kingdom Accreditation Service (UKAS). For each exercise, a technician is assigned to handle and follow the sample, which must be analyzed using the typical procedures and which must not be treated differently because of its interlaboratory status. Once the organizer's report has been received, an internal evaluation report is written up, which includes the results found by CAS, the mean result assigned by the organizer, and the calculated z-score for each analyte. Upon receiving the report, each manager performs a complementary evaluation of the results obtained, considering all of the documentation referring to the analysis performed, in order to confirm that all of the QC criteria have been met. Another very important and highly utile aspect to consider is the information on the methods applied by different laboratories, which can help the CAS to improve its methods. If the evaluation is unsatisfactory, then a report on corrective actions is written up. The results of proficiency tests are generally evaluated based on the z-scores. Nonetheless, other criteria (e.g. compatibility index) may also be used; these are described in the final evaluation report for the exercise. One of the critical points for evaluating z-scores is the standard deviation used in the calculations. The standard deviation used is generally that which is documented by the organizer, which tends to the value obtained from the Horwitz equation. Nevertheless, another value can be used, as deemed necessary by the technician responsible for the evaluation, as long as it is justified in the internal evaluation report for the exercise. Another important factor concerning the results obtained from proficiency tests is their utility for systematic expansion of validation data. The CAS has established a dynamic validation system in which the overall validity of the uncertainty of a procedure is checked against the different sample types and different concentration levels analyzed.
Management of internal QC
The scheduled internal QC samples generally correspond to duplicates of samples from proficiency tests (the duplicates are purchased annually at the time the test is performed). In 2010 the CAS analyzed 99 samples for internal QC, encompassing 371 assays, 209 analytes and 77 SOPs. Once the samples arrive at the LPHAB, their information is entered into the reference materials database, and they are carefully handled, taking their particular storage needs and expiration dates into account. The new sample is added to the sample registry in the LIMS according to the schedule. The results are analyzed using an internal evaluation form in which the z-score (accuracy) is re-calculated, and the reproducibility is calculated based on the results from the external QC and from the internal QC test. This approach enables evaluation of both accuracy and precision. Fig. 7 shows a sample evaluation form for internal QC.
Handling of any inconsistencies detected in the QC activities
Results obtained in both internal and external QC activities are suitably recorded. Out of control situations can be categorized as incidences and deviations. Incidences are sporadic events that usually do not occur in subsequent applications of the analytical method. Contrariwise, deviations are non-conforming work that must be managed through corrective actions. Detection of these events, and subsequent causal analysis, sometimes leads to proposal of preventive actions. Fig. 8 shows a general schematic of QC management. Fig. 7 . Sample evaluation form for internal QC samples.
Figures 9 and 10 show the number of scheduled internal QC and external QC samples in absolute values and as percentages of the total number of samples analyzed, respectively, in the CAS. These figures are testament to the LPHAB's major efforts to ensure the reliability of its results and demonstrate its commitment to quality. Moreover, this approach also implies sizeable financial investment: participation in proficiency testing costs the LPHAB roughly €60,000 per year. The reliability of QC activities is greatly based on the suitability of the criteria applied. Depending on whether the limits established are too strict or too lax, or errors, respectively, may be committed. Over the past few recent years, the CAS has adapted the criteria applied in its internal QC to the values obtained during method validation. Improving the frequency and quality of internal QC has enabled improved detection of non-conforming results, and therefore, has enabled optimization of external QC activities.
QC in the framework of flexible scope accreditation
Accreditation of a laboratory is usually based on a concrete definition of the laboratory's scope. Thus, the technical annexes for accreditation certificates comprise detailed lists of the tests for which the laboratory has been accredited. The lists clearly specify matrices, analytes, ranges of concentration, and methods. This scheme is known as fixed-scope accreditation.
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However, in recent years, in order to meet the needs of customers, laboratories have had to quickly expand their accreditation scope without compromising their technical competence or altering definition of the scope. Thus, highly experienced laboratories with a long history of accreditation can now adopt a new scheme, known as flexible-scope accreditation, whereby they perform analyses using appropriate validated methods, and then report the results as being accredited, without prior evaluation by the accreditation body. This may entail incorporation of new matrices or analytes, or inclusion of new tests within a generic method. Thus, the flexibility of the accreditation scope implies sufficient technical competence and operational capacity, which places more of the responsibility on the laboratory. This in turn means that the laboratory must endeavor to increase its QC operations in order to guarantee the quality of the results of the expanded scope. In any case, the bounds within which a scope is flexible must be precisely stated. In this context, once a laboratory receives a request for an analysis that falls within the bounds of a flexible scope, it must do the following:  Inform the customer that the analysis will be performed in the framework of a flexible scope, and therefore, prior validation studies will be required; this will involve some delay in the delivery of results; and, if the results of the validation studies are unsatisfactory, then the report cannot be issued as being accredited.  Perform validation studies. A scheme of this process for analysis of an established analyte in a new material is illustrated in Fig. 11 . An analogous process would be employed for the opposite case (i.e. analysis of a new analyte in an established matrix). Flexible-scope accreditation was initiated in 2004 for pesticide analysis and was later extended to other analyte families. The LPHAB defines these families according to the type of analyte studied and the analytical technique used. Therefore, these vary from very broad (organic compounds studied by chromatographic techniques) to rather narrow (ions studied by liquid chromatography). The CAS's current fixed-scope and flexible-scope of accreditation are summarized in Table 5 . The CAS's current fixed-scope and flexible-scope of accreditation.
Managing the flexible scope implies a significant amount of extra documentation that must be completely updated. Indeed, in 2010 alone six new analytical methods were added, together with numerous matrices and analytes. The flexible scope is currently in its 22 nd edition (an average of three editions are created per year).
QC in the analytical method SOPs: examples of general and specific QC activities
each analytical procedure (SOP) features a section describing internal QC activities that are performed within each run and the corresponding criteria for accepting the results, which must be evaluated by the technician responsible for the procedure before they are communicated to the customer. Several concrete examples are presented below.
Spiked samples
An example of control analysis of spiked samples is illustrated in Fig. 12 , which shows a plot of arsenic analysis in food samples by inductively coupled plasma mass spectrometry (ICP-MS). The results are evaluated based on the recovery (% Rec) of samples spiked at different concentrations and with different matrices, such that the entire scope of the flexible-scope accreditation can be addressed. Table 6 shows an example of a QC records for a procedure in which 44 antibiotics are analyzed in samples of products of animal origin by LC-MS/MS. The following data are recorded for representative analytes (in the case of Table 6 , two antibiotics): the area of the peak corresponding to the standard used for verifying the instrument; retention time (TR) and the ratio of transitions (ion ratio [IR]) at CC level, which are the data used for identifying and confirming the two compounds. The peak area value is checked against the minimum peak area that guarantees response at the lowest level of validation, which also verifies the confirmation. Lastly, the analytical sequence and the user's initials are also recorded. Table 6 . QC records from analysis of antibiotics in products of animal origin by LC-MS/MS.
Use of QC records for an LC-MS/MS procedure (detection of antibiotics)
In similar QC records, the responses of the internal standards (which are typically deuterated or C 13 -labeled analogs of the test compounds) from analysis of various types of samples are recorded. This control step can also be used to broaden the validation data by incorporating new matrices (i.e. online validation). Based on the values of the responses of the internal standards, one can deduce the validity of the matrix-matched surrogate quantifications in the different sample types that can be incorporated into the analytical sequence.
QC records for verification of the instrument, its calibration levels, and the blank in the turbidity analysis procedure
The format of the QC records used for turbidity analysis of water samples is illustrated in Table 7 as a representative example of a physicochemical assay. The upper and lower limits traceable to the values obtained in the validation are shown. In this case, the experimental readings obtained are recorded for each certified standard and are used to verify calibration of the instrument and to confirm the response of the blank (in this case, ASTM type I purified water). 
Spiked samples
The analytical procedure is performed on a sample that has been spiked with the analyte (whenever possible, previously analyzed samples containing the analyte at levels lower than the limit of detection). Table 7 Calibration of the instruments associated with the analytical method
The standards used to generate the calibration curve are injected.
Enables monitoring of the quality of the fit of the calibration curve, based on at least two different criteria: for example, the coefficient of correlation (r) and the residual error of the standard (Er %), which is the ratio of the value of the concentration of the standard in the curve (Vcurve) to the nominal concentration value (Vnominal) r ≥ (see specific SOP) Part III Table 8 . QC activities at the LPHAB's Chemical Analysis Service (CAS).
